A broadband dual-polarized omnidirectional antenna based on magnetic dipoles is presented. The proposed antenna consists of a cone radiator for vertical polarization (VP) and eight magnetic dipole elements for horizontal polarization (HP). The dipole elements are arranged around the ground plane to greatly reduce the volume of the proposed antenna. The overall volume of the antenna is only π × 75.5 mm × 75.5 mm × 35 mm (about π × 0.25 λ 0 × 0.25 λ 0 × 0.12 λ 0 at 1 GHz). The dipole elements are carefully designed to achieve the bandwidth about 28.7% from 2.03 GHz to 2.71 GHz. The bandwidth of the cone radiator is about 92% covering from 1 GHz to 2.7 GHz with band reject from 1.63 GHz to 1.7 GHz. The port isolation is more than 30 dB at the whole operation band. A good agreement between the simulated and measured results evidently validates this proposed antenna.
Introduction
With the rapid development of wireless communication system, the requirement of antenna performance is higher and higher in 2G/3G/4G network applications [1] . The dual-polarized [2] antennas have been studied and applied in mobile radio communication applications because of the advantage of improving channel capacity, mitigating the multipath fading, increasing the diversity gain and reducing polarization mismatch. The high port isolation [3] has become a key performance in the multi-input multi-output (MIMO) antenna system to avoid signal interference, improve electromagnetic compatibility and increase polarization purity. On the other hand, miniature antennas are needed at volume-limited mobile communication systems, especially at indoor roof applications. When signal need to cover a large of areas at the base station, the omnidirectional antenna is advantageous at a 360°full coverage. Based on above mentioned performance and design constrains, the design of dual-polarized omnidirectional antenna with high isolation and compact volume has become a hot point.
Recently, several dual-polarized antennas have been reported in the literatures. A dual-polarized omnidirectional antenna with high isolation and narrow bandwidth is proposed in [4] . In [5] , The proposed microstrip patch antenna consists of an annular-ring patch and four curved branches. It achieves an impedance bandwidth from 4.83 to 5.02 GHz for port 1 and from 4.80 to 5.27 GHz for port 2 with return loss over 10 dB. However, the broadband antenna is required in wireless communication systems to increase the transmission rate, cover multiple communication frequency bands and reduce the number of antennas. Thus, a broadband omnidirectional dually polarized antenna is proposed in [6] . It combines four vertical dipoles for VP and four horizontal dipoles for HP. In [7], HP antenna is composed of two printed circular dipole arrays to broaden bandwidth, and VP antenna consists of three vertical patch elements. However, the large profile of VP elements in [6, 7] will increase volume and costs. In [8, 9] , it is obvious that the large clearance between VP and HP is beneficial to improve the port isolation, while the overall volume also increases. Moreover, an artificial magnetic conductor reflector between VP antenna and HP elements is utilized to reduce the clearance in [10] . The volume is about 1:13 0 Â 1:13 0 Â 0:17 0 at the lowest frequency (1.7 GHz) with an isolation of 20 dB. In [11], a novel design combines the dipoles and the ground plane of VP element in the same plane to further reduce antenna profile, while whose maximum impendence bandwidth is only 6.135%.
In this letter, a broadband omnidirectional dual-polarized antenna with compact volume and high isolation is proposed. The design includes a metal cone as major radiators for VP element and eight magnetic dipoles for HP elements. The overall volume of the proposed dual-polarized antenna is about Â 0:25 0 Â 0:25 0 Â 0:12 0 at the lowest frequency. It has a fractional bandwidth about 92% from 1 GHz to 1.63 GHz, 1.7 GHz to 2.7 GHz for VP and about 28.7% from 2.03 GHz to 2.71 GHz for HP. A band defect of VP antenna from 1.63 GHz to 1.7 GHz is introduced by the magnetic dipoles, but it doesn't affect the useful bandwidth. It is worth mentioning that port isolation of the dual-polarized antenna is up to 30 dB in the whole working frequency band.
Antenna design and analysis
As shown in Fig. 1(a) , the proposed broadband dual-polarized omnidirectional antenna consists of a metal modified cone for VP and eight planar magnetic dipole elements in ground plane for HP. 
VP element
The configuration of the broadband small-volume VP antenna with detailed dimensions is shown in Fig. 1 . The proposed VP element is composed of a defected top plane shorted to the ground plane via four shorting poles and a solid aluminum cone as the major radiators. The VP antenna is directly fed by coaxial probe at center of the ground plane. Defining H3 as the feed spacing between the ground plane and the bottom of cone has an important influence on the whole impendence matching of VP antenna. When the diameter of the ground plane increases to improve the low frequency characteristic of VP, the number of dipole elements will increase to ensure the roundness of HP, which will increase design difficulty and be bad for the miniaturization of antennas. Considering a reasonable tradeoff between the bandwidth of VP and the roundness of HP, an appropriate value is selected as the diameter of ground plane. Furthermore, the chamfer angle and the cutting gap at the top plane will be helpful to broaden the bandwidth of VP antenna. The top layer and the ground layer are printed on the Rogers-Duroid 4350B high-frequency substrate (thickness h ¼ 0:762 mm and " r ¼ 3:48).
HP element
The structure of the proposed HP antenna located at the ground layer is shown in Fig. 2 . Eight magnetic dipoles radiators and an eight-way Wilkinson splitter, are printed on the both sides of the ground plate, respectively. A magnetic dipole array structure, which consists of eight pairs of concentric flag-shaped metal patches and a series of parasitical elements, is placed around the ground plane. The flag-shaped magnetic dipole elements adopt the traditional design. The Wilkinson splitter utilizes energy coupling to excite the HP antenna. Eight parasitical stripes are printed near the HP element to suppress the reactance of the antenna and improve the roundness of HP antenna.
An eight-way Wilkinson splitter is used for energy distribution of eight dipole elements as shown in Fig. 3 . The photograph of Wilkinson power divider is shown in Fig. 3(a) , which need to avoid the middle part of the substrate in order to arrange feed structure of VP antenna. Fig. 3(c) shows the schematic diagram of Wilkinson power divider, containing seven basic two-way divides and eight baluns. The detail circuit diagram is described in Fig. 3(b) . The Antenna structure is simulated and 
Simulated and measured results
A prototype of the wideband dual polarized omnidirectional antenna with compact volume and high isolation is manufactured, with photographs shown in Fig. 4 . Plastic posts are used to support the metal cone and the top plane. Top metal patch structure and the eight-way Wilkinson splitter is not showed at picture because they are located at the bottom of the top substrate and of the ground substrate respectively. Fig. 5 compares the measured and simulated S-parameters of the proposed dualpolarized antenna. The VP antenna achieves a measured bandwidth from 1 GHz to 1.63 GHz and 1.7 GHz to 2.7 GHz with return loss over 10 dB. The simulated bandwidth is obtained from 0.98 GHz to 2.7 GHz with band reject from 1.6 GHz to 1.68 GHz. It validates that the simulated and measured results for VP element have a good agreement. What's more, VP antenna can cover a wide frequency band such as: Softbank (1427-1500 MHz)/DCS1800/PCS1900/IMT2000/WI-FI/ WiMAX (2200-2700 MHz). It has a bandwidth of HP antenna from 2.06 GHz to 2.7 GHz for simulated results and from 2.03 GHz to 2.71 GHz for measured results, covering UMTS/WLAN2400/LTE2300/2500 bands. In addition, the measured isolation between VP and HP antenna across the overlapping frequency band is better than 30 dB. The discrepancy of port isolation between measured and simulated results is attributed to the assembly error, fabrication error and coaxial wires.
Return loss
The measured reflection coefficient is obtained by utilizing the Agilent Vector Network Analyzer.
Radiation patterns and polarization
The strongest radiation pattern of VP antenna is above the ground plane, while of HP antenna is below the ground plane. So the equatorial plane of radiation pattern is chosen as ¼ 45°for VP and ¼ 135°for HP taking the center of the ground plane as the coordinate axis. The radiation patterns and the gain of the proposed antenna are measured in the anechoic chamber. Fig. 6 shows the measured and simulated far-field radiation characteristics of VP elements. The co-polarization and cross-polarization components in the E-plane and H-plane is described at 1.2 GHz, 2 GHz, and 2.7 GHz, respectively. The radiation patterns of HP elements in the E-plane and H-plane at 2.2 GHz, 2.5 GHz are shown in Fig. 7 . As can be seen, stable omnidirectional radiation patterns of VP and HP are realized across the entire frequency band. The gain variation of VP is less than 1.3 dB for simulated results and 1.2 dB for measured results in E-plane at three frequencies. HP antenna achieves a stable pattern ripple less than 0.671 dB for simulation and 2.25 dB for measurement in H-plane. Furthermore, the measured cross polarization discrimination (XPD) of VP and HP are greater than 15 dB. The measured peak gain ranges from 1.83 to 7.55 dB for VP antenna and from 4.46 to 6.25 dB for HP antenna. The measured radiation patterns are worse than the simulated results because of the measurement environment and assemble error. 
Conclusion
In this letter, a broadband omnidirectional dual-polarized antenna with compact volume and high port isolation is proposed and studied. By designing the magnetic dipole array at the ground plane, it drastically reduces the profile and simplifies the total structure. Its volume is approximately Â 0:25 0 Â 0:25 0 Â 0:12 0 at the lowest frequency edge. The test results show that the impedance bandwidth covers from 1 GHz to 1.63 GHz, 1.7 GHz to 2.7 GHz for VP element and from 2.03 GHz to 2.71 GHz for HP antenna with mutual couplings lower than −30 dB over the whole frequency bands. Due to the merits of low profile, omnidirectional radiation pattern, broadband, high isolation and high XPD, the proposed antenna is an attractive candidate for 2G/3G/4G applications, especially for volume-limited indoor roof antenna networking applications. 
